A series of trilayers of sputtered Fe/Si/Fe were grown to study the interface characteristics and magnetic coupling between ferromagnetic Fe layers (30 Å thick) for Si spacer thickness (t Si ) ranging from 15 Å to 40 Å. Grazing incidence x-ray diffraction, AFM, resistivity and x-ray photoelectron spectroscopy (XPS) measurements show substantial intermixing between the layers during deposition which results in trilayers of complicated structures for different sub-layer thicknesses. A systematic variation in silicide concentration across the interface is observed by XPS measurements. The Fe layers in the trilayers were observed to consist of Fe layers doped with Si, ferromagnetic Fe-Si silicide layers and nonmagnetic Fe-Si silicide interface layer, while the Si spacer was found to be Fe-Si compound layers with an additional amorphous Si (α-Si) sublayer for t Si ≥ 30 Å. A strong anti-ferromagnetic (AF) coupling was observed in trilayers with iron silicide spacers, which disappeared if α-Si layers present in the spacers. The observed magnetization behaviour in each case is interpreted in terms of changes in interfacial structural and electronic properties due to variation in film thickness.
Introduction
With the ever-rising demands on thin film technology, understanding and controlling thin film growth is vital particularly in case of giant magnetoresistive (GMR) sensors. The strength of the antiferromagnetic coupling depends on the interfacial structure, which in turn depends on the growth of the material. After the first report of antiferromagnetic (AF) coupling between Fe films spaced by Cr in Fe-Cr-Fe sandwiches [1] , a number of studies demonstrated that long range coupling between two ferromagnets separated by non-magnetic transition metals or noble metals was a fairly general phenomenon with oscillatory character and short and long periods [2] [3] [4] [5] . The coupling mechanism is thought to be induced by the polarization of conduction electrons in the spacer layer via a Ruderman-Kittel-Kasuya-Yoshida (RKKY) like interaction [6] . A spin-dependent Quantum well description of the electronic structure has also been proposed [7, 8] . All of these models share in common the occurrence of a periodic exchange coupling as a result of two intrinsic properties of the spacer materials: the existence and topology of the fermi surface and the discreteness of the layer thickness.
Although present theories describe coupling in systems with metallic spacers, it is not clear how these theories can be extended to explain coupling across non-metallic spacers. The mechanism of interlayer coupling across a semiconducting spacer layer could be fundamentally different from that observed for ferromagnetic films, coupled across nonmagnetic metallic spacer layers. Recently, it was discovered that sputtered and evaporated Fe/Si/Fe trilayers [9, 10] and Fe/Si multilayers [11] exhibit AF coupling. The spacers inducing AF coupling are different in two cases. AF coupling in the multilayers was observed only for crystalline spacer layers, attributed to iron silicide formed at the interface, whereas in the trilayers, the spacer was claimed to be amorphous semiconducting Si. The interpretation of the coupling data has been hampered by lack of knowledge about the spontaneously formed iron silicide layer at the interfaces, which has been variously hypothesized to be a metallic compound in the B2 structure or a semiconductor in the more complex B20 structure [12, 13] . In general, severe interdiffusion occurs at Fe/Si interfaces, resulting in the formation of various kinds of silicides [14] . Consequently, the interaction of ferromagnetic layers across different silicides may show antiferromagnetic or ferromagnetic coupling depending on the kind of silicide.
Although a number of experimental works have been done to understand the mechanism of interlayer coupling in this system, the results are controversial and it is not yet well understood how the formation of iron silicide in the spacer layer affects the coupling. In order to understand the mechanism of the coupling in these multilayers, it is of central importance to elucidate the chemical and magnetic properties of the spacer layer. Studies have dealt with the Fe/Si (100) interface at room temperature [15] [16] [17] [18] [19] [20] [21] [22] [23] and several of these studies included photoemission measurements [19] [20] [21] [22] . Different estimates of the thickness of reacted layer at the interface have been made ranging from 0 Å to ~30 Å [15, [17] [18] [19] 21] . Also the chemical composition of the interface layer is still a disputed question. Various silicides like FeSi [17] , FeSi 2 [16, 18] and Fe 3 Si [20, 21] have been proposed to form at the Fe/Si (100) interface. Up to now very little is known about the correlation between interface chemistry and magnetism. Therefore, in order to investigate this correlation we have synthesized [Fe (30 Å)/t Si /Fe (30 Å)] trilayers samples using ion beam sputtering system and studied these properties as a function of Si layer (where, t Si = 15 Å -40 Å) thickness.
Experimental Details
An Ion beam sputtering (IBS) system with a Kaufman type ion source was used to prepare the Fe/Si/Fe trilayer samples in the present study. The system base pressure was 2 × 10 -8 Torr. The Ar + ions are incident at an angle of about 45˚ on the planar targets of Fe and Si with purity higher than 99.99% at 1000 V. Prior to deposition, exsitu cleaning of the substrates was done using the following method. The glass substrates were initially washed with soap solution and rinsed with distilled water. Before loading to UHV chamber, they were dried using infrared lamp. Deposition rates for Fe and Si were 32 Å and 52 Å/min, respectively. The Fe layer thickness was fixed to 30 Å and the thickness of Si layer was varied in the range of 15 Å to 40 Å.
Grazing incidence x-ray diffraction (GIXRD) measurements were done using Cu x-ray source (λ = 1.542 Å) operated at 40 KV and 30 mA. Atomic force microscopy (AFM) measurements were carried out in the contact mode in air using Digital Instruments Nanoscope III. The images were recorded immediately after removing the samples from the deposition system so as to minimize contamination to the samples. Different portions of each film were scanned in order to get global information of the sample. The images were acquired on areas varying from 5 μm × 5 μm to 1 μm × 1 μm with a 256 × 256 pixel array.
The associated changes in magnetic properties were characterized by means of magneto optical Kerr effect (MOKE) technique with a laser source (He-Ne) of wavelength 6328 Å. The corresponding transport properties were obtained by employing four-probe resistivity method. X-ray photoelectron spectroscopy (XPS) study was carried out using OMICRON EA-125 photoelectron spectrometer at a base pressure better than 5 × 10 -10 Torr. The spectra were collected using Mg K α radiation and the overall energy resolution was about 0.8 eV. Au 4f 7/2 at 84.7 eV binding energy (B.E) served as an external and C-1s as an internal reference. In order to avoid any charging effect, proper grounding had been made. The Ar + ions energies up to 1.5 KeV were used to avoid surface damage and intermixing during etching. The energy scale was calibrated using the Fermi level and the peak positions from the system database. The spectra were normalized to the maximum intensity after a constant background substraction. All the measurements reported in this paper were carried out at room temperature.
Results and Discussion

Grazing Incidence X-Ray Diffraction (GIXRD) and AFM Measurements
Magnetic properties are strongly dependent on crystal structure of the material. Thus, the crystal properties of these trilayers films were analyzed in order to identify the causes of the variation in magnetic properties. Figure 1 shows the GIXRD patterns of as-deposited [Fe (30 Å)/Si (15 Å -30 Å)/Fe (30 Å)] trilayer samples. All the patterns exhibited only single peak and it corresponds to the diffraction from α-Fe (110). The absence of any Si peak indicates the amorphous nature of deposited Si film in all the cases. However, the peak corresponding to α-Fe (110) of trilayer samples was significantly different from that of bulk Fe. We interpret that the peak position shift is caused by the elongation of the (110) interplanar distance 'd' due to large internal stress in the Fe layers induced by adjacent Si layers, and their intermixing during deposition causing the formation of iron silicide layer at the interface. Further, the intensity of (110) peak reduces substantially and FWHM increases with increasing Si layer thickness. Particularly for Si ≥ 30 Å, the peak shows a broad hump around 2θ = 43.56˚, due to further growth of iron silicide layer along with appearance of an amorphous Si (α-Si) layer at the interface. Figure 2 shows the t Si dependence of particle size and The particle size obtained from Scherrer formulism decreases substantially with increasing t Si , indicating that trilayers with smaller t Si have larger and more oriented α-Fe (110) crystallites and t Si beyond 25 Å appeared to be composed of micro-crystallites or amorphous Fe grains, which we assume, are due to the appearance of pure amorphous Si (α-Si) layer in the spacer. On the other hand, Δd/d 0 increase monotonically with increase of t Si and saturated at about 2.42% for t Si > 25 Å. This suggests that the elongation may be attributed to the large compressive stress in the Fe layers imposed by adjacent Si layer.
The quality of surface and interface structure plays decisive role in achieving optimum performance for which the multilayer structure is designed. Therefore, further information about the structure and surface morphology can be obtained from AFM studies conducted on Fe/Si/ Fe trilayer samples. to the above-mentioned case, which is due to the appearance of pure amorphous Si (α-Si) layer in the spacer and as a result the value of surface roughness decreases. This is in correlation with the XRD data's. Hence, the obtained AFM pictures provide us more clear information about different growth stages, as the Si layer thickness is increased from 15 Å to 40 Å.
Magneto-Optical Kerr Effect (MOKE) Measurements
In order to see the variation in AF coupling with increasing spacer layer thickness t Si , MOKE measurements have been performed. For all the samples, magnetic field was applied parallel to the surface of the film and hysteresis loops were recorded upto the saturation magnetization. Figure 4 shows the evolution of MOKE loops for Fe/Si/Fe trilayer samples as a function of Si layer thickness. As can be seen, the magnetic parameters like the remanent (M R ) to saturation (M S ) magnetization ratio (the so-called F AF = 1 -M R /M S parameter) and saturation field (H S ) are strongly influenced by the spacer thickness. In metallic MLS the F AF parameter is usually treated as proportional to the AF coupled fraction of the sample, and F AF = 1 when ML is completely AF coupled and F AF = 0 for a ferromagnetically coupled MLS. Figure 5 displays the values of F AF and the saturation field (H S ) for the Fe/Si/Fe trilayer samples as a function of spacer layer thickness t Si . F AF dependence shows that the strong AF coupling occurs at t Si = 25 Å where F AF = 0.38. Similar dependence and occurrence of only single maximum of F AF are reproduced by H S (t Si ). For t Si = 25 Å, H S reaches its maximum value of about 158 Oe, which may also indicate the occurrence of a very strong AF interlayer coupling. For t Si > 25 Å, both F AF and H S values are strongly reduced, F AF < 0.1 and H S < 90 Oe. The reduction of F AF and H S values for t Si < 25 Å points out that the neighbouring Fe layers become gradually connected through pinholes. However, it is noted that the rate of change of AF coupling with spacer layer thickness on both sides of the AF peak is not the same. The difference is mainly due to changes in interlayer structure according to different sub-layer thicknesses.
From Figure 4 one can see the existence of different interlayer coupling that modifies the shapes of hysteresis loops from square-like to step-like. For t Si = 15 Å, the hysteresis loop is square in shape indicating that the distribution of anisotropy is rather sharp which makes the domain magnetization switching beyond certain applied magnetic field. The large vertical jump with retentivity almost equal to saturation magnetization and lower coercivity value suggest the soft magnetic behaviour of the sample with strong anisotropy leading to in plane easy direction of magnetization. However, shape of the hysteresis loop changes from square to smoother one as the spacer layer thickness increases to t Si = 25 Å, indicating strong AF coupling at this thickness. Further on increasing the thickness of spacer layer from 25 Å to 30 Å and 40 Å, shape of the loop again changes to step-like, characterized by two "coercive" fields: H C1 and H C2 , indicating the presence of different phases at these thicknesses. This peculiar behaviour is mainly due to the presence of silicide layer along with pure α-Si layer at the interface. Due to weak coupling the correct identification of the saturation fields is very difficult. Therefore, in the inset of Figure 5 , we also present the values of H C1 and H C2 fields as a function of spacer thickness. From the figure, one can see that H C2 appears only for thicker Si layer, i.e., for t Si ≥ 30 Å. Hence, above magnetic measurements conclude that Fe layers in the trilayers generally consist of Fe layers doped with Si, ferromagnetic Fe-Si silicide layers and nonmagnetic Fe-Si silicide interface layers, while the nominal Si spacers turn out to be Fe-Si compound layers with additional α-Si sublayers only under the condition where t Si ≥ 30 Å. A strong AF coupling is observed with iron silicide spacers and disappears when α-Si layers appear in the spacer.
X-Ray Photoelectron Spectroscopy (XPS) Measurements
In order to further investigate the chemical nature of layers at surface and interface in the as-deposited Fe/Si/Fe trilayer samples, XPS measurements have been performed after repeated sputtering of sample surface by Ar + ions. This gave the chemical composition of the film at different depths, averaged over the escape depth of photoelectrons (~40 Å). The interfaces are analyzed when the top layer was Fe or Si rich and also when top layer was Si (Si/Fe interface). It was performed on purpose to note the possibility of inequivalence of the interfaces, as an AES study by Strijkers et al. indicated some differences of interfaces at iron silicide formation [24] . Figure 6 shows the survey scans of as-deposited sample surface of Fe(30 Å)/Si(15 Å)/Fe30 Å) trilayer before and after 10 min sputtering. From the spectrum (before sputtering) one can see that peaks corresponding to carbon (C), oxygen (O) and iron (Fe) are clearly visible, whereas very small contribution due to silicon (Si) is observed. This small presence of Si peaks is expected, as Si is the second layer after Fe (30 Å) top layer. Since the sample was exposed to air, there are large quantities of absorbed carbon and oxygen on the surface as evident from the spectrum. However after sputtering the sample for 10 min, the intensity of carbon and oxygen drops to minimum with appearance of buried Si peaks, indicating that signals are coming from the first interface region. We also note that the reduction in the carbon content is more rapid then oxygen content and may be attributed to preferential sputtering of carbon with respect to reacted oxygen. Figure 7 shows the fitted (a) Fe-2p and (b) Si-2p core level spectra of Fe(30 Å)/Si(15 Å)/Fe30 Å) trilayer sample as a function of sputtering time. For comparison, core levels from clean Fe and Si single layer films are also given in the same figure. We note that these spectra are in excellent agreement with previous reports [25] . Before sputtering the observed spectrum of Fe presents significant differences, which are characteristic of the oxidized state. Fe-2p 3/2 peak is shifted to binding energy (B.E) of 710.5 eV by the change in electrostatic potential at the Fe sites. This chemical shift is caused by the partial transfer of electrons from the Fe 3+ to the O 2-ions. The 2p 3/2 peak is broadened by multiplet splitting involving the core hole and the valence electrons. Finally, the 2p 3/2 peak shows a distinct satellite feature around 714.6 eV B.E, caused by charge-transfer processes. The main peak corresponds to so-called well-screened 2p 5 3d 6 L final state configuration, while the satellite corresponds to so-called poorly screened 2p
5 final state configuration (L denotes a ligand hole) [26] . However after sputtering for 5 min, the presence of sharp peak around 707.0 eV and tail towards higher B.E indicates that signals are coming mostly from elemental Fe region. The spectra are split by the 2p spin-orbit effect into the 2p 3/2 and 2p 1/2 regions and continuous tail is caused by the electron-hole pair excitations and is a significance of metallic states. However, this peak is shifted by 0.2 eV towards higher B.E as compared to clean Fe-2p core level. This shift indicates the formation of iron silicide (FeSi) layer at the interface in as deposited trilayer sample. Similarly, after 10 min sputtering, it is observed that this peak is further shifted by 0.1 eV towards higher B.E of 707.1 eV, suggesting that signals are now coming mostly from the first interface region i.e., more from silicide layer. However after further sputtering the sample for 15 min, no noticeable changes are observed in the B.E and FWHM of this peak.
Similarly, figure. 7b shows the Si-2p core level spectra of Fe(30 Å)/Si(15 Å)/Fe30 Å) trilayer sample with respect to sputtering time. In this case, before sputtering peaks due to Si are very small in intensity as it is the second layer after 30 Å top Fe layer as discussed earlier. However, after 5 min sputtering, spectrum clearly shows the presence of buried Si-2p peaks. A closer inspection of this peak shows small presence of SiO 2 peak along with elemental Si-2p (99.7 eV) peak at a B.E position of 102.1 eV. The set of typical Si-2p spectra consist of spin orbit doublet peaks corresponding to Si-2P 3/2 and Si-2p 1/2 level states. However, spectrometer resolution does not allow distinction of their structure. Similar to the case of Fe-2p after 5 min sputtering, Si-2p peak is also found to be shifted by 0.2 eV towards higher B.E as compared to elemental Si-2p further suggesting the formation of silicide layer at the interface. Upon further sputtering the sample for 10 and 15 min, there are no changes (B.E and and FWHM values) in the Si-2p spectra. The above results show that there seems to be no changes in the core level spectra of both Fe-2p and Si-2p with respect to sputtering, suggesting that silicide layer is formed at the interfaces during deposition and also complete Si layer is interdiffused into Fe layers thereby converting as deposited Fe/Si/Fe trilayer structure to Fe/FeSi/SiFe/Fe structure. Figure 8 shows the fitted (a) Fe-2p and (b) Si-2p core level spectra of Fe(30 Å)/Si(40 Å)/Fe30 Å) trilayer sample with respect to sputtering time. In this case also, before sputtering, the surface is completely oxidised and the spectrum mostly shows oxidised states of Fe-2p core levels. After 5 min sputtering, similar to earlier case, Fe-2p and Si-2p core levels are shifted by 0.3 eV and 0.2 eV respectively towards higher B.E as compared to core levels of pure Fe and Si layers, suggesting the formation of silicide layer at the interface. After further sputtering for 5 min (total 10 min) a drop in the Fe-2p and increment in the Si-2p core level intensities is observed. Apart from this, no shift is observed in the B.E position of Fe-2p core level, whereas slight shifts of 0.1 eV towards lower B.E (99.6 eV) is observed in case of Si-2p core level. Upon further sputtering for 5 min (total 15 min) one can clearly see more reduction in Fe-2p with observable enhancement in Si-2p core level intensity. However, an important point to be noticed here is that Si-2p core level is further shifted by 0.1 eV towards lower B.E (99.5 eV), and still no shift is found in the B.E of Fe-2p core level The shift only in Si-2p core level towards clean Si-2p core level indicates the appearance of elemental Si layer at this situation and still small presence of silicide layer from the first interface causes Fe-2p core level to remain shifted.
Based on the above-mentioned XRD, MOKE and XPS results we have proposed a model for Fe/Si/Fe trilayer sample having the Si layer thickness 15 Å and 40 Å, respectively as shown in Figure 9 . The model shows the formation of silicide layer at the interfaces in both the cases. However, apart from silicide layer, pure α-Si layer is also observed only in case of [Fe(30 Å)/Si(40 Å)/Fe(30 Å)] trilayer sample. Figure 10 show the variation of the resistivity (ρ) versus nominal Si layer thickness t Si at room temperature. It is shown that the resistivity increases slowly with increasing t Si for the films with t Si < 25 Å. Near t Si  25 Å, the resistivity increases rapidly, and when t Si > 30 Å it is nearly constant with a slightly increasing tendency. The t Si dependence of the resistivity in this system is quite peculiar and different from many metallic multilayered systems [27] . It is known that FeSi silicide is easily formed at the interface due to atomic intermixing and interdiffusion and the resistivity of FeSi silicide is much higher than the resistivity of Fe [28] . Thus peculiar t si dependence of the resistivity for t Si < 25 Å can be explained as mainly due to the increase of interdiffusion and the silicide formation with increasing t si . The rapid increase of the resistivity and changes in GIXRD and MOKE data at t Si  25 Å can be understood by that in addition to the FeSi layer, a α-Si layer appears in the spacer as also revealed form our XPS results. The appearance of α-Si layer in the spacer stops further interdiffusion and results in no appreciable change in the resistivity and also prevents AF coupling after t Si  30 Å.
Resistivity Measurements
Conclusions
The structural, magnetic and transport properties of sputtered Fe/Si/Fe trilayers were studied as a function of Si spacer thicknesses. The GIXRD, MOKE, resistivity and XPS measurements demonstrate that in addition to the iron silicide at Fe/Si interface an α-Si layer begins to appear in the spacer when t Si  30 Å. The Fe layers in the trilayers were observed to consist of Fe layers doped with Si, ferro-magnetically ordered Fe-Si silicide layer, and nonmagnetic iron silicide dead layers at the interface. A strong AF coupling is observed with iron silicide spacer and disappears when α-Si layer appears in the spacer.
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